Chemoresistance is a primary hindrance for current cancer treatments. The influence of abnormal mitochondria in chemotherapy resistance is not well known. To explore the correlation between mitochondria and acquired chemoresistance, this work studied alterations in mitochondrial dynamics, biogenesis, and functions for paclitaxel-resistant cancer cell line A549/Taxol and its parental line A549.
Background
Despite a reported decline in recent years, lung cancer is still the second most common cancer type [1] . Non-small cell lung cancer (NSCLC) is the most common malignant form of lung cancer, accounting for approximately 75% to 80% of all lung cancer cases throughout the world [2, 3] . Paclitaxel is widely used as one of first-line chemotherapy reagents for NSCLC, breast cancer, and ovarian cancer [4] [5] [6] . Despite good initial response, NSCLC patients who receive paclitaxel treatment often develop acquired chemoresistance, which greatly decreases clinical efficacy. A range of molecular mechanisms has been identified to explain the paclitaxel resistance, including overexpression of multidrug resistance proteins, b-tubulin isoform changes and apoptosis pathway regulation [7, 8] . However, none of these mechanisms can completely account for paclitaxel resistance.
Abnormal changes to mitochondria have been proven to be involved in the pathogenesis of cancer and other diseases [9] . Mitochondrial malfunctions have been shown to be associated with tumorigenesis and tumor metastasis, and probably play a role in cancer therapy resistance [10] [11] [12] . It has been proposed that mitochondria could use microtubule networks as railways to translocate within cells, and studies have confirmed that the intracellular distribution and biogenesis of mitochondria could be affected by microtubule drugs [13] . Thus, we assumed mitochondrial profiles would change correspondingly in paclitaxel-resistant cancer cells.
A549/Taxol cells are paclitaxel-resistant A549 cells. In our previous study, we observed that DCA (dichloroacetate) can target A549/Taxol cells and enhance the sensitivity to paclitaxel [10] . Considering DCA can target cells with mitochondrial injury, we wanted to make clear whether mitochondrial of A549/Taxol cells was damaged. Mitochondrial injury may be associated with changes in mitochondrial biosynthesis, mitochondrial fusion, mitotic function, mitochondrial membrane potential, ATP (adenosine triphosphate) production, etc. [10, 14] . These changes in mitochondria are closely related to anti-tumor drug resistance. In this study, we used the lung adenocarcinoma cell line A549 and its paclitaxel-resistant subline A549/Taxol to analyze mitochondrial alterations, and suggested that there might be a mitochondria-related mechanism involved in the acquisition of paclitaxel resistance.
Material and Methods
Cell culture A549 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and A549/Taxol cell line from the Basic Research Laboratory of Shanghai Chest Hospital [15] . A549 and A549/Taxol cells were grown at 37°C in a humidified atmosphere with 5% CO 2 in high glucose Dulbecco's Modified Eagle Medium (DMEM; GIBCO, Life Technologies) supplemented with 5% fetal bovine serum (FBS; GIBCO, Life Technologies).
Cell viability and proliferation assays
Cells were seeded into 96-well plates at 3.0×10 3 cells/well. After culturing at 37°C for 24 hours, cells were exposed to paclitaxel (Taxol, Bristol-Myers Squibb) at doses of 1, 2, 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2000 µg/L for 48 hours. The control group and the blank group were set at the same time. Cell viability was detected by Cell Counting Kit-8 (CCK-8; TaKaRa Biotechnology). The optical density was measured at 450 nm on a multimode microplate reader Infinite 200 PRO (TECAN). The IC50 of paclitaxel was calculated. Cells were seeded into 96-well plates at 2.0×10 3 cells/well and incubated. Five samples were used for cell counting every 24 hours, and growth curves were plotted after a week. Doubling time was calculated.
Transmission electron microscopy (TEM) and image analysis
Cells were pre-fixed with 2.5% glutaraldehyde in 0.2 mol/L cacodylate buffer for 2 hours at 4°C and then released from the plastic culture dish by gentle scraping. After washing with 0.1 mol/L cacodylate buffer 3 times, being post-fixed in 1% osmium tetroxide for 2 hour and dehydrated in ethanol, cells were embedded in epoxy resin. Ultrathin sections were placed on copper grids, stained with uranyl acetate and lead citrate, and then examined in a CM-120 BioTwin transmission electron microscope (Philips). Then 30 TEM images of A549 and A549/Taxol were captured, respectively. We evaluated and calculated the average mitochondrial size.
Confocal laser scanning microscopic analysis of mitochondrial morphology and mitochondrial membrane potential (Dy m )
Cells growing in 35 mm coverglass-bottom confocal dishes were incubated with 100 nmol/L of Mito Tracker Red CMXRos (Molecular Probes, Life technologies) in the dark for 20 minutes at 37°C. This dye can selectively accumulate in active mitochondria. Mitochondrial morphology was observed using an LSM-510 laser scanning confocal microscope (Zeiss). To determine the Dy m , cells were stained with 100 µg/mol of JC-1 (Sigma) in the dark for 20 minutes at 37°C. In cells with high Dy m , JC-1 spontaneously forms J-aggregates with orange fluorescence. JC-1 remains in a monomeric form with green fluorescence when Dy m remains low.
Flow cytometry analysis of mitochondrial mass and Dy m
The mitochondrial-selective probe Mito Tracker Green (MTG, Beyotime) was used to detect the mitochondrial mass. This dye could localize to mitochondria regardless of Dy m . Cells were incubated with 100 nmol/L of MTG dye in the dark for 20 minutes at 37°C, and immediately analyzed with a BD FACSAria flow cytometer (BD Biosciences). Cells were also incubated with 10 µg/mL of JC-1 in the dark for 20 minutes at 37°C, and quantified Dy m with flow cytometry analysis. The JC-1 ratio was calculated as the ratio of red fluorescence to green fluorescence.
Determination of cellular ATP production
Cells were seeded in 24-well plates at 3.0×10 4 cells per well. After incubation for 48 hours, the cellular ATP level was determined with an ATP bioluminescent somatic cell assay kit (SIGMA). All procedures were carried out in accordance with the manufacturer's instructions. The amount of light emitted was measured immediately with Infinite 200 PRO, and the amount of ATP in each sample was calculated and normalized by cell numbers.
Determination of cellular glucose consumption and lactate production
Glucose consumption in 24 hours was measured with a glucose determination reagent (Shanghai Rongsheng Biotech Co., Ltd.), and lactate production in 24 hours was measured with a lactate reagent (CMA Microdialysis). All procedures were carried out in accordance with the manufacturer's instructions.
Determination of mitochondrial respiratory function
XF24 Extracellular Flux Analyzer (Seahorse Biosciences) was used to detect mitochondrial respiration. After initial optimization of experimental conditions, cells were seeded at 2.0×10 4 cells per well and cultured for 24 hours before measurement. The respiratory function of live mitochondria was determined by assessing the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) [16] . Cells were sequentially exposed to 3 chemicals: oligomycin (1 µmol/L), carbonyl cyanide p-[trifluoromethoxy]-phenyl-hydrazone (FCCP) (1 µmol/L), and rotenone/antimycin (1 µmol/L). It is important to note that oligomycin inhibits the F 1 F 0 -ATP synthase and therefore decreases mitochondrial respiration and increases glycolysis. FCCP is an uncoupler of electron transport and mitochondrial respiration and could be used to investigate the cellular respiratory reserve capacity (RCR). Rotenone and antimycin, as inhibitors of electron transport chain complex I and III, are mixed together to completely eliminate mitochondrial respiration.
Real-time quantitative polymerase chain reaction (PCR)
The total RNA of cells was extracted according to protocols for the E.Z.N.A Total RNA kit I (OMEGA Bio-Tek). Sample cDNAs were then processed using reverse transcription with 1 µg total RNA using PrimeScript ® RT reagent Kit (TaKaRa Biotechnology). Real-time PCR was performed with a Roche LightCycler ® 480 system (Roche Applied Science). The specific primers used were shown in Table 1 . The expression of genes of interest was normalized against that of the housekeeping gene b-actin.
Gene
Sense primer Antisense primer 
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Statistics All data were presented as mean±standard deviation (SD). Statistical analyses were performed using a Student's t-test. P<0.05 was taken as the level of significance. STATA Statistical Software Release 12.0 was used for all the statistical analysis.
Results
Validation of paclitaxel-resistant phenotype A549/Taxol cells were paclitaxel-resistant A549 cells. To confirm the acquired paclitaxel-resistant phenotype, the IC50 of paclitaxel in A549 and A549/Taxol cells were determined first. After paclitaxel treatment, the IC50 value of A549 cells was 10.18±0.27 µg/L, while the IC50 value of A549/Taxol cells reached 248.68±1.67 µg/L (P<0.01). We next tested whether the development of paclitaxel resistance affected cell proliferation. The doubling time of A549 and A549/Taxol cells was 28.8±0.64 hours and 32.5±1.25 hours, respectively (P<0.05). A549/Taxol cells showed a slower proliferation rate compared with A549 cells, and this observation was similar with other acquired chemoresistance cells.
Measurement of mitochondrial morphology changes
As semi-autonomous organelles, mitochondria are capable of changing their size and shape through consistent fusion and division [16] . Paclitaxel, as a microtubule stabilizing agent, has been reported to alter the characteristics of mitochondrion and inhibit movement [17] . Thus, we questioned the possibility that mitochondrial morphology would change accordingly in paclitaxel-resistant cells. TEM revealed that mitochondria were enlarged in A549/Taxol cells in comparison to A549 cells ( Figure 1A) . No corresponding pathological alterations related to mitochondrial matrix swelling or cristae disintegration were observed. The average mitochondrial size in A549/Taxol cells was 0.12±0.05 µm 2 , which was larger than A549 cells with an average of 0.08±0.04 µm 2 ( Figure 1B) . We further assessed the mitochondrial shape with confocal microscopy. Consistent with TEM results, mitochondria in A549/Taxol cells were obviously elongated and branched, while the morphology of mitochondria in A549 cells formed mostly punctuated structures ( Figure 1C ). To further verify this morphologic change, we detected gene expressions of mitochondrial dynamin-related proteins ( Figure 1D ). Mfn and OPA1 proteins are involved in mitochondrial fusion function, and Fst1 and DRP1 proteins regulates mitochondrial fission [14] . Our results show that the mRNA expressions of Mfn1 and Mfn2 were both upregulated in A549/Taxol cells, with an almost 2-fold increase compared to A549 cells. Meanwhile, A549/Taxol cells exhibited a lower expression level of Fis1 than A549 cells. However, both DRP1 and OPA1 expressions did not exhibit any statistically significant differences. This data further confirmed the morphological changes observed under TEM and confocal microscopy, indicating that mitochondria in A549/Taxol cells adopted a more fused status than in A549 cells, which may partly explain the increased mitochondrial size.
Measurement of changes in mitochondrial biogenesis
To check mitochondrial biogenesis in the acquired chemoresistant phenotype, we quantified mitochondrial mass by flow cytometry. There was a significant decrease in mitochondrial mass in A549/Taxol cells when compared with A549 cells. Interestingly, mitochondrial mass remained constant in A549/Taxol cells after 12 hours incubation of Taxol (100 µg/L), while mitochondrial mass in A549 cells increased distinctly (Figure 2A ). Strong evidence shows that the peroxisome proliferator-activated receptor gene family is the master regulator of mitochondrial biogenesis, which generally lead to mitochondrial mass and size changes [18, 19] . Nuclear coactivators PGC-1a and PGC-1b regulate mitochondrial biogenesis and function by coordinating transcription factors and activating the mitochondrial retrograde signaling pathway [20] . The quantitative PCR results revealed that the transcription of PGC-1a was upregulated dramatically in A549/Taxol cells, while PGC-1b mRNA transcription did not show significant differences between the 2 cell lines ( Figure 2B ). The mRNA transcriptions of PGC-1a targets were also measured, NRF-1, NRF-2, ERRa, and PPARa were all upregulated in A549/Taxol cells ( Figure 2C ). It has been reported that NRF-1, NRF-2, and ERRa are involved in mitochondrial remodeling and restructuring [21] [22] [23] [24] . These results indicated that A549/Taxol cells might compensate for the drastic reduction in mitochondrial mass by upregulating its mitochondrial biogenesis.
Measurement of Dy m , energy metabolism, and mitochondrial respiratory function
Normal mitochondrial membrane potential maintains mitochondria for oxidative phosphorylation and ATP production, essential for maintaining mitochondrial function. When mitochondria are damaged, mitochondrial Oxidative phosphorylation (OXPHOS) activity and mitochondrial membrane potential decrease [25] . To determine the functional states of mitochondria, cells were first stained with JC-1 dye to detect Dy m . Using confocal microscopy, we observed that the A549/Taxol cells exhibited a significant decrease in JC-1 staining compared to A549 cells ( Figure 3A) . We further quantified the Dy m by flow cytometry, revealing that red/green fluorescence intensity ratio reduced by approximately 50% in A549/Taxol cells when compared to A549 cells ( Figure 3B ). This result demonstrated that there were an increased proportion of depolarized mitochondria in A549/Taxol cells.
The dominant functions of mitochondria are cellular respiration and energy generation. Mitochondrial damage leads to decreased oxidative phosphate activity and reduced ATP production. We first investigated intracellular ATP levels under regular high glucose circumstances, showing the ATP level in A549/Taxol cells was significantly lower than that in A549 cells. When incubated in a glycolysis inhibition environment for 24 hours, ATP levels in both cell lines witnessed a drastic drop. ATP production in A549 cells was reduced by almost 85%, while this was closer to 50% in A549/Taxol cells ( Figure 3C ). To further confirm this observation, the glucose utilization and lactate production were measured, showing that both processes decreased in A549/Taxol cells ( Figure 3D ). These results indicated that the A549/Taxol cells were less dependent on glycolysis for energy utilization compared to A549 cells.
We further investigated mitochondrial respiration with Seahorse XF24 Analyzer. OCR and ECAR indexes could reflect the rate of mitochondrial OXPHOS activity and the rate of lactic acid production via glycolysis, respectively. The basal respiration states were measured before addition of any modulators. The OCR baselines were 129.58±12.14 pMoles/min/10 5 cells for A549 and 90.40±11.20 pMoles/min/10 5 cells for A549/Taxol, and the ECAR baselines were 18.61±2.30 mpH/min/10 5 cells for A549 and 7.64±3.92 mpH/min/10 5 cells for A549/Taxol ( Figure 3E ). We measured the OCR index immediately after oligomycin, FCCP and rotenone/antimycin were sequentially added, and determined the reserve respiratory capability and the cellular RCR [26] . The cellular RCR is calculated as the value of respiratory state 3 dividing by that of respiratory state 4. The OCR measured after FCCP injection could be considered equivalent to respiration state 3, while OCR measured after oligomycin injection as respiratory state 4. A549 cells showed significantly elevated OCR values during basal and inhibitor-treated respiration ( Figure 3F) . Interestingly, the reserve respiratory ability did not show any significant decrease in A549/Taxol cells. Meanwhile, the RCR of A549/Taxol cells was even higher than that of A549 cells, with values of 2.28±0.63 and 1.46±0.47, respectively (P<0.05). Although the basal respiratory profile was decreased, this may not imply that mitochondrial respiratory function was impaired in A549/Taxol cells since its mitochondrial mass was also significantly decreased. Higher reserve capability and RCR value indicated that mitochondrial function in A549/Taxol cells might be enhanced.
Discussion
Since Otto Warburg proposed the mitochondrial defective theory in cancer cells in last century, recent reports have demonstrated that mitochondrial function was not impaired in several cancer cell lines. Mitochondrial functions that contribute to cancer are diverse but interconnected, including interfering with energy metabolism, reactive oxygen species generation, and induction of cellular stress responses. In cancer cells of the liver, ovarian and brain, mitochondrial malfunctions have been observed to be associated with resistance to certain alkylating drugs [27, 28] .
Our work reveals a series of changes of mitochondrial characteristics in A549/Taxol cells. Mitochondrial structures could readily adapt to different intracellular and extracellular conditions [29] . First, by visual observation of mitochondrial morphology and measurement of mitochondrial dynamic genes, we demonstrated that the mitochondrial dynamic balance shifted towards fusion in A549/Taxol cells. Mitochondrial fission takes part in the programmed cell death, and associates with the fragmented morphology of injured mitochondria that can be targeted for degradation [30] . On the contrary, mitochondrial fusion increases ATP generation efficiency and helps mitochondria to escape autophagy [31] . Tondera et al. suggested mitochondria would fuse into a closer network when cells are under modest stress. This elongated mitochondrial network confers certain resistance to harmful stimulations [32] . Our findings showed that mitochondria in A549/Taxol adopted a more fused morphology through the formation of elongated and interconnected mitochondrial tubules.
Mitochondrial fusion and fission are also important for the normal function of mitochondria. Mitochondrial fusion activity is mainly regulated by Mfn1, Mfn2, and OPA1 proteins. Mfn1 and Mfn2 proteins mediate the fusion of outer membranes; OPA1 is involved in the regulation of mitochondrial inner membrane. Fis1 and Drp1 are the major proteins regulating mitochondrial fission. These proteins can mediate multiple signaling pathways to achieve resistance to apoptosis [14] . This observation was further confirmed by quantitative determination of dynamic genes. Elevated expressions of Mfn1 and Mfn2 in our data were strongly associated with mitochondria fusion in A549/Taxol cells. High expression of Mfn1 and Mfn2 promotes mitochondrial morphological changes and leads to apoptosis resistance, resistance to paclitaxel. Fis1 and Drp1 are the major proteins regulating mitochondrial fission. High expression of Fis1 and Drp1 promotes mitochondrial fission leading to apoptosis. In contrast, the low expression of Fis1 and Drp1 helps to inhibit cell apoptosis. [33] . Fis1 mRNA transcript level was downregulated in the A549/Taxol cell line, indicating the fission process was inhibited. Decreased expression of Fis1 inhibits mitosis in A549/T cells, which contributes to apoptosis resistance. Thus, a likely explanation for the increase of mitochondrial size and morphological elongation was that A549/Taxol cells adjusted its mitochondrial network into a more fused state and fission inhibition, which might help cancer cells against harmful stresses caused by chemotherapy.
The current study demonstrated that mitochondrial mass was significantly lower in A549/Taxol cells than in A549 cells. It was reported that paclitaxel pretreatment would result in a significant increase in mitochondrial mass in mammalian cells [34] . After short-term paclitaxel treatment, mitochondrial mass in 
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A549 cells witnessed an obvious increase, which was consistent with former report. But our data indicated that mitochondrial mass in A549/Taxol cells undergo an opposite response during long-term treatment with paclitaxel. Mitochondrial mass was significantly lower in A549/Taxol cells than in A549 cells. However, the reason that mitochondrial mass in A549/Taxol cells drastically decreased is unclear.
Although the mitochondrial mass is reduced, our research shows the transcription level of PGC-1a increased significantly in A549/Taxol cells. PGC-1a acts as a co-regulatory factor and is commonly found in large multiprotein complexes to attract transcription factors (NRF1, NRF2a, YY1, and MEF2C acting directly in the electron transport chain) and nuclear receptors (ERRa, ERRa, PPARa, and FXR) promotes mitochondrial biogenesis. PGC-1a is activated by stimulation of nutrient deprivation, oxidative damage and chemotherapy. PGC-1a antagonizes cell death by interacting with specific nuclear transcription factors (NRF1, NRF2, and ERRa) to affect mitochondrial respiration, reactive oxygen species defense system, and fatty acid metabolism [35, 36] . Activation of PGC-1a promotes biosynthesis of tumor cells and induces resistance to chemotherapeutic drugs. Our study revealed the expression of PGC-1a and downstream genes increased in cancer cells in response to chronic paclitaxel toxicity. In this case, mitochondrial biogenesis pathway was stimulated to compromise and maintain the healthy mitochondria in paclitaxel-resistant cancer cells.
Mitochondrial plasticity, including fusion/fission events, biogenesis and clearance, could largely affect cellular energy homeostasis. A concomitant decrease in glucose consumption, lactate production, and ATP content were observed in A549/Taxol cells. Metabolic profiles of cells were further exemplified by mitochondrial stress test. The glycolysis and OXPHOS activity levels were both lower in A549/Taxol cells than that in A549 cells; and this metabolic reprogramming was also proven in our previous work using a flux assay [10, 37] . However, the reaction of mitochondria to respiratory modulators indicated mitochondrial respiratory function was not impaired in A549/Taxol cells. The decreased basal respiratory levels might result from its lower mitochondrial mass. Our results indicated that paclitaxel acts on cancer cell metabolism through a totally different mechanism. Interestingly, cancer cells resistant to DNA alkylator drugs were hypersensitive to microtubule disassembly drugs. This little understood phenomenon also supports the idea that chemotherapeutic agents with varying pharmacological action may lead to chemo-resistance phonotypes through different mechanisms.
The present study provides a profile of mitochondrial alterations in paclitaxel-resistant lung cancer cells. The decreased proliferation capacity and lower metabolic level of A549/Taxol cells resembles the characteristics of senescence cells. It is noteworthy that mitochondrial elongation has been associated with cell senescence elongation, which shows increased mitofusion and reduced DRP1 and Fis1 expression [38] [39] [40] [41] . Since a senescence-like phenotype after drug treatment has been identified as an important determinant in the outcome of cancer chemotherapy, it might be possible that mitochondria play a certain role in chemoresistance through cellular senescence [42, 43] . However, further studies are essential to clarify the underlying relationship. Our work suggests that abnormal mitochondria might be an adaptive transition in cancer cells to harmful stresses caused by chemotherapy. Research on mitochondrial transformation could provide new insights into the essence of drug resistance and allow for the development of innovative therapeutic strategies.
Conclusions
Our study reveals a series change of mitochondrial characteristics in paclitaxel-resistant cells. Mfn1 and Mfn2 and PGC-1a increased, while Fis1 expression and mitochondrial oxidative phosphorylation decreased in A549/Taxol cell lines. These changes of mitochondrial fusion, fission, and biological function contributes to the occurrence of paclitaxel resistance in tumor cells which induce paclitaxel resistance. These results will help aid our understanding of paclitaxel resistance and will be useful for predicting occurrence of paclitaxel resistance and reversing drug resistance by targeting Mfn, Fis1, and PGC-1a genes and mitochondrial oxidative phosphorylation.
